Abstract Magnetic resonance imaging is an established tool in the management of multiple sclerosis (MS). Loss of blood brain barrier integrity assessed by gadolinium (Gd) enhancement is the current standard marker of MS activity. To explore the complex cascade of the inflammatory events, other magnetic resonance imaging, but also positron emission tomographic markers reviewed in this article are being developed to address active neuroinflammation with increased sensitivity and specificity. Alternative magnetic resonance contrast agents, positron emission tomographic tracers and imaging techniques could be more sensitive than Gd to early blood brain barrier alteration, and they could assess the inflammatory cell recruitment and/or the associated edema accumulation. These markers of active neuroinflammation, although some of them are limited to experimental studies, could find great relevance to complete Gd information and thereby increase our understanding of acute lesion pathophysiology and its noninvasive follow-up, especially to monitor treatment efficacy. Furthermore, such accurate markers of inflammation combined with those of neurodegeneration hold promise to provide a more complete picture of MS, which will be of great benefit for future therapeutic strategies. [4] . Currently, a large battery of MRI methods is being developed (measurement of atrophy, T1 hypointensity, iron mapping, spectroscopy, diffusion tensor, magnetization transfer ratio, imaging of cortical anomalies, and so forth) to provide quantitative information on the severity of the neurodegenerative component of MS [5] that is thought to be an important substrate of long-term irreversible disability. By contrast, gadolinium (Gd) enhancement of lesions is the only reference method to assess blood brain barrier (BBB) permeability that reflects the inflammatory component of MS [6] , and which is the predominant pathogenic mechanism in the early stages of approximately 85% of patients with a relapsing remitting form of MS. Although Gd is a powerful marker, limiting active inflammation to Gdenhanced lesions is an oversimplification, as Gd can lack sensitivity, specificity, and does not address the cellular and edematous components that accompany active neuroinflammation [7] (Fig. 1) . Furthermore, Gd cannot address subtle, but disseminated, inflammation that contributes to clinical progression together with neurodegenerative axonal loss. Consequently, other markers of active neuroinflammation are being developed in experimental animal models, and some have already been translated to human studies. These new markers of active inflammation aim to reflect the BBB permeability more accurately than Gd and to assess the Electronic supplementary material The online version of this article
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Keywords Multiple sclerosis . Inflammation . Imaging biomarkers . Blood brain barrier . Contrast agent . Edema Magnetic resonance imaging (MRI) has emerged as an indispensable tool in multiple sclerosis (MS) [1, 2] , with applications ranging from early diagnosis [3] to use as a surrogate marker for efficacy in therapeutic trials [4] . Currently, a large battery of MRI methods is being developed (measurement of atrophy, T1 hypointensity, iron mapping, spectroscopy, diffusion tensor, magnetization transfer ratio, imaging of cortical anomalies, and so forth) to provide quantitative information on the severity of the neurodegenerative component of MS [5] that is thought to be an important substrate of long-term irreversible disability. By contrast, gadolinium (Gd) enhancement of lesions is the only reference method to assess blood brain barrier (BBB) permeability that reflects the inflammatory component of MS [6] , and which is the predominant pathogenic mechanism in the early stages of approximately 85% of patients with a relapsing remitting form of MS. Although Gd is a powerful marker, limiting active inflammation to Gdenhanced lesions is an oversimplification, as Gd can lack sensitivity, specificity, and does not address the cellular and edematous components that accompany active neuroinflammation [7] (Fig. 1) . Furthermore, Gd cannot address subtle, but disseminated, inflammation that contributes to clinical progression together with neurodegenerative axonal loss. Consequently, other markers of active neuroinflammation are being developed in experimental animal models, and some have already been translated to human studies. These new markers of active inflammation aim to reflect the BBB permeability more accurately than Gd and to assess the cellular and edematous components of active lesions. In this article, we will give an overview of imaging markers of active inflammation in MS and we will discuss their sensitivity and specificity. We will further briefly review their potential relevance, particularly in terms of therapeutic implications. . Active MS lesions in the human are surrounded by blurry Fluid Attenuated Inversion Recovery (FLAIR) hypersignal related to edema (A1) and show gadolinium (Gd) enhancement (A2, arrowheads). A focal MS-like lesion induced in the rat brain shows the same MR features on T2-weighted image (A3, arrow) and T1-weighted image after Gd injection (A4) 3 days after its induction. Histological study of such focal prototypical MS lesion in the rat shows blood brain barrier (BBB) alteration as assessed by extravasation of Evans blue injected 2 h prior sacrifice (B1 and B2, enlarged view of the square dotted area) and serum protein extravasation depicted with IgG staining (B3, staining at the same level as the white rectangular dotted area delineated on T2). Cellular infiltration appears as perivascular infiltration (*indicates a capillary lumen) of recruited macrophages stained with Iba1 (C1, red) and ED1 (C2, green), whereas some of these cells could also represent amoeboid microglia with a fully activated profile. Some resident activated microglia Iba+, but ED1-are also seen (C3, merged image). Interstitial edema is difficult to depict histologically, but it is revealed by a strong expression of molecules involved in water regulation, such as aquaporin 4 (D1, red), which is expressed at the BBB level on the astrocyte end feet (D2, green; D3, merged image). Scale bars, 25 μm
Imaging BBB Alteration

Pathological Substrate
Vascular endothelial activation, induced by proinflammatory cytokines Th1, such as interferon-γ, tumor necrosis factor-α, interleukin-1β, and interleukin-6, is an early modification characterized by the expression of several endothelial cell adhesion molecules (CAMs) (intercellular CAM 1 [ICAM1], vascular CAM 1 [VCAM1], platelet endothelial CAM 1 [PECAM1], E selectin, P selectin) [8] , which has shown to be important in the development of MS and its animal model, experimental autoimmune encephalomyelitis (EAE) [9] . Thereafter, BBB permeability increases with the direct effects of cytokines/ chemokines, as well as indirect leukocyte-mediated injury [10] . The finalities are a decreased expression of the tight junction proteins [11] , which in turn increases paracellular permeability, and an increase in the expression of caveolin (especially cav-1), which is involved in the transcellular passage [12] .
Imaging Markers of BBB Alteration
Gd Imaging
Gd enhancement is currently the reference standard to detect active neuroinflammatory lesions in MS patients [1, 2] . As a small molecular weight contrast agent, Gd is thought to diffuse passively within the interstitium along a concentration gradient via a BBB that has lost its integrity [8] . Local Gd enhancement has been correlated with histological markers of BBB breakdown accompanying actively inflamed lesions in EAE [13] (Fig. 1, panel B) .
The sensitivity of Gd to detect active inflammatory lesions may vary according to the physicochemical characteristics of the contrast agent (e.g., relaxivity, concentration) and to the acquisition protocol (i.e., delay between injection and image acquisition, parameters of the postinjection T1-wi acquisition) [6] . In addition to these considerations, the sensitivity of Gd enhancement as a marker of inflammation is considered imperfect. First, Gd may miss active lesions with mild changes in permeability [14] . Second, Gd may be particularly insensitive to certain forms of inflammation, such as activated microglia that may develop with a mainly intact BBB [15] . Alternatively, regarding the highly dynamic process of inflammation, Gd may miss the steps characterized by transendothelial inflammatory cell infiltration without accompanying BBB disruption [7] .
With respect to the specificity of Gd enhancement as a marker of inflammation, 1 should consider that Gd enhancement parallels a significant BBB leakage that is mainly associated with active inflammation. Nevertheless, it does not measure inflammation per se and, in particular, cell infiltration and turnover. Consequently, it can only be considered as a nonspecific and indirect marker of active inflammation. Thus, incomplete restoration of tight junction integrity and BBB function in inactive, noninflamed, chronic lesions [16] could be falsely classified by Gd enhancement.
Other Markers of BBB Alteration
The sensitivity and specificity issues of Gd as a marker of active inflammation have led to alternative Magnetic Resonance (MR) markers to be explored. Gadofluorine M (Gf) (Bayer Shering Pharma AG, Berlin, Germany) is an amphiphilic Gd complex with a molecular weight of 1528 g/mol and a concentration of 250 mmol Gd/l [17] . The exact mechanism of Gf entry into the central nervous system (CNS) is still unclear, but Gf binds to albumin and is thought to enter the extracellular space along the disturbed BBB. Thereafter, Gf can be trapped within the interstitium owing to its high affinity to extracellular matrix proteins [18] . This could lead to a higher local concentration that is better visualized than Gd, which will re-diffuse back to intravascular space along the reversed concentration gradient induced by rapid renal excretion. In an established animal model of MS, Gf enhancement showed significant increase in sensitivity compared to Gd because most enhanced lesions did not show Gd uptake, and a 100% specificity for histologically confirmed active inflammatory lesions [19] .
Another strategy to assess BBB damage is based on superparamagnetic MR contrast agents that are nanoparticles consisting of a core of insoluble iron oxides solubilized by coating with hydrophilic polymers [20, 21] . The classification of the particles is mainly based on their size. Ultra-small superparamagnetic iron oxides (USPIO) (20 nm on average) and superparamagnetic iron oxides (SPIO) (50-150 nm on average) are the most commonly used agents and are considered as cellular markers (see as follows) [20, 21] . Very small superparamagnetic iron oxide particles (VSOPs) are a subclass composed of citrate-coated iron oxide nanoparticles and characterized by a hydrodynamic size of approximately 7 mm and a short half-life due to their anionic surface [20] . Such extremely small VSOPs have been shown to provide sensitivity to the BBB breakdown [22] by demonstrating T2* hypointensity foci in regions without Gd enhancement in an EAE model [23] . As histology showed a diffuse extracellular accumulation within the connective tissue in the vicinity of inflammatory plaques, the authors concluded that VSOP could diffuse through an altered BBB providing an augmented sensitivity to subtle alteration compared to Gd because of the induction of a strong susceptibility effect on T2*-wi [23] . VSOP could also provide information on the cellular component similarly to the more frequently used (and larger) nanoparticles (see as follows) as they are efficiently phagocytized, and also found within macrophages on immunofluorescent stainings [23] .
BBB alteration could also be assessed with molecular imaging contrast agents that are obtained by conjugating ligands (antibodies, proteins, peptides, and so forth) to MR contrast agents (contrastophore), such as iron oxide nanoparticles [24] . This technology has been used to target endothelial activation molecules, as it could occur in advance of the BBB breakdown [25] [26] [27] [28] , thus increasing the sensitivity and specificity to neuroinflammation. Nevertheless, lack of sensitivity for endothelial targets present in small quantities and problems of specificity due to circulating nontargeting contrast agents were major issues when conjugating ligands to classical USPIO/SPIO iron oxide particles. Another important caveat is that such targeted contrast agents could be phagocytosed before (or after) reaching their target molecule, precluding specificity. More promising results were obtained by using very large iron oxide particles called micron-sized particles of iron oxide (MPIO) as a contrastophore. Because of the large amount of iron conveyed, MPIO cause a local magnetic field inhomogeneity extending for a distance roughly 50 times their physical diameter allowing single particle detection [29] and increasing sensitivity. Furthermore, MPIO have very short (<5 minute) half-life in the circulation generating minimal vascular background contrast [30] , whereas their size and incompressible nature preclude translocation across the endothelium, which is all favoring specificity for endothelial targets. By conjugating anti-VCAM1 antibody to MPIO, McAteer et al. [31] demonstrated the in vivo delineation of activated cerebral blood vessels at a time when pathology was otherwise undetectable [31, 32] . In EAE animals, presymptomatic lesions could be quantified using VCAM-MPIO when they were undetectable by Gd in histologically confirmed areas of endothelial activation [33] with high specificity, as demonstrated through blocking experiments [31] .
Imaging the Cellular Component of Inflammation
Pathological Substrate BBB disruption may facilitate inflammatory cell migration in active MS lesions [7] , but cellular infiltration is not simply the consequence of the BBB breakdown because it requires additional signaling through CAMs and chemokines [34] . Although rolling, leukocytes show a chemokine-dependent activation and firm arrest mediated by the binding of leukocyte integrins (i.e., Leukocyte function-associated molecule-1 (LFA-1), macrophage glycoprotein associated with complement receptor function (Mac-1), and Very late antigen-4 (VLA-4)) to endothelial cell adhesion molecules [34] . Subsequently, leukocytes migrate and cross the endothelial barrier (i.e., diapedesis) by transmigrating through individual endothelial cells via a transcellular pore [35] . In a murine model of MS, most leukocytes crossed the BBB transcellularly while tight junctions were intact [36] . 
SIO and USPIO Particles
SPIO containing several iron oxide crystallite cores and monocrystalline USPIO are the most widely used particles to target neuroinflammation [20, 21] . These nanoparticles have their specific uptake by the monocyte-macrophage system in common, and can be used to track macrophage infiltration by MRI after systemic injection owing to the high r1 and r2 relaxivities of the iron-loaded macrophages [37, 38] . Approximately 24 h after their intravenous injection, free SPIO/USPIO are cleared from the circulation, and signal alterations are thought to arise from the capture of particles by circulating phagocytic cells that are attracted to inflammatory lesions [39] . Although SPIO/ USPIO-enhancements most probably reflect the entrance into the CNS of labeled monocytes, which have taken-up USPIO in the circulating blood, in this interpretation it should be noted that the final demonstration of the mechanism for their entry in MS lesions is still debated [37] . Partial "passive," free, nonmacrophage-related USPIO extravasation through damaged BBB could be possible [40, 41] , but is probably minor and followed by macrophage/microglia uptake in situ within the parenchyma, which allows for consideration of iron oxide particles as a marker of inflammatory cell content. Alternatively, ex vivo iron oxide-labeling of inflammatory cells and their tracking by MRI after cell transfer could be used to increase cellular specificity, but this is a much more complex strategy than systemic injection, and it was only used in a few articles [42, 43] .
Animal models of MS have shown that signal alterations observed after SPIO/USPIO administration were mainly correlated with the intracellular localization of iron oxide particles in cells with the typical morphological features of macrophages [44, 45] . Following these first experimental studies, a mismatch between Gd-enhanced and USPIO-enhanced lesions was observed that demonstrated the BBB leakage shown by Gd enhancement and the cellular infiltration shown by USPIO enhancement could be distinct [46, 47] . More recent studies further support SPIO/USPIO as a cellular marker [48, 49] and systematic comparison of SPIO-enhancement with Gf as 1 of the most sensitive marker of BBB breakdown (see previously), confirmed that macrophage infiltration and leakage of the BBB for humoral factors are independent events [50] .
USPIO-enhanced MRI has been translated to MS patients, and all studies have consistently demonstrated discrepancies between the BBB leakage shown by Gd enhancement and the cellular infiltration shown by USPIO enhancement [51] [52] [53] , in line with animal experiments (Fig. 2) . Combining Gd and USPIO led to an increase in both the number of lesions and the number of patients considered to have active disease compared with the use of Gd alone [53] . If each enhanced lesion (Gd and/or USPIO) is truly related to some component of inflammation (increased BBB permeability and/or macrophage infiltration), then combining Gd and USPIO can increase the sensitivity of MR to disease activity. One potential explanation is that the combination of Gd and USPIO detects lesions at different stages in the natural history of the disease. Longitudinal data showed that USPIO could precede Gd enhancement [52] . Thus, initially, a new MS lesion may be characterized by cell infiltration without accompanying BBB disruption [7, 36] , which could correspond to the USPIO-only lesions. At a later stage, while cellular recruitment continues or decreases, many proinflammatory mediators (cytokines) increase the BBB permeability [10] , which could correspond to lesions enhancing with Gd (Gd + USPIO or Gd-only lesion).
Alternatively, the USPIO and Gd patterns may detect active lesions of different types and/or severity rather than different stages, which would provide more specific information on the lesion activity or severity. In accordance with this hypothesis, we reported subtle USPIO ring-like enhancements on T1-wi in certain lesions of patients with a progressive form of the disease [53] . This pattern may represent the residual inflammatory activity of progressive MS, particularly microglial activation that can be trapped behind an intact BBB or is associated with low-grade BBB damage [54] . Another group has also shown moderate diffuse signal modification after USPIO, which is reported to disclose subtle and diffuse inflammatory activity in the normal-appearing brain parenchyma [55] . In contrast to this pattern of subtle USPIO-only enhancement, we provided the first evidence that lesions enhancing with both contrasts could represent a subgroup with more aggressive features [53] (e.g., such a pattern, see Fig. 2 ). The USPIO + Gd lesions were the largest, potentially reflecting the spatial extension of more active lesions. In addition, the USPIO + Gd lesions were more prone to continue enhancing for a long period of time than the other enhancement patterns, which may represent long-lasting inflammatory foci after severe tissue disruption. This finding can be related to the pathogenic roles of proinflammatory macrophages that directly attack myelin and collaborate with the other immune components [56] . Such results are consistent with our previous animal experiments in which USPIO enhancement at the beginning of EAE was associated with the severity of acute and chronic tissue damage, including axonal loss [57] . In this interpretation, it should be noted that such results on the predictive value of USPIO were all obtained with the same particle (Ferumoxtran-10; Sinerem, Guerbet, France) and remain to be validated in lager cohorts and with other particles. In particular, the macrophage M2 immunomodulatory subpopulations, as opposed to M1 proinflammatory macrophages, are important to initiate repair mechanisms and could Images from 2 relapsing-remitting multiple sclerosis (MS) patients included in the European ultra-small superparamagnetic iron oxide (USPIO) study [53] . Axial T2-wi, T1-wi after a few minutes after gadolinium (Gd; Dotarem, Guerbet, France) injection and ADC maps obtained 7 (top row) and 8 (bottom row) days following a clinical relapse. Immediately after these first MR scans, ultra-small superparamagnetic iron oxide particles (Sinerem, Guerbet, France) were injected over 30 minutes and second MR scans were repeated 24 h later to assess T1-wi post-USPIO and T2-wi post-USPIO. The first patient (top row) showed a large MS lesion (arrowheads) with active features, assessed by Gd enhancement, reflecting blood brain barrier (BBB) breakdown, which was associated with USPIO enhancement (seen both on T1-wi and T2-wi), reflecting concomitant macrophage invasion, and high apparent diffusion coefficient (ADC) values probably related to ongoing vasogenic edema. The second patient (bottom row) also showed an MS lesion (arrows) that could be classified as active, according to USPIO enhancement (seen both on T1-wi and T2-wi) reflecting macrophage invasion while the BBB was not macroscopically altered (no Gd enhancement). The significance of the associated low ADC values is still debated, but could reflect hypoxic damage and the close association with USPIO enhancement could suggest toxic products from activated macrophages as an inducer of hypoxic-like conditions be targeted by some SPIO/USPIO particles. Although this assumption requires further research to be validated, the current data indicate that combining USPIO and Gd could help overcome some limitations of the Gd-only approach by detecting more lesions (increased sensitivity) and differentiating patterns that may represent the pathological heterogeneity of MS lesions (increased specificity).
Other Markers of Cellular Infiltration
Myeloperoxidase (MPO), 1 of the most abundant enzymes secreted primarily by macrophages/microglia [58] , can be used as a marker of cellular infiltration. Chen et al. [59] developed a Gd-based contrast agent that is radicalized when converted by MPO in the presence of hydrogen peroxide. These intermediate compounds can combine to form dimers and oligomers, as well as cross-link proteins containing tyrosine residues. These MPO-mediated changes increase the molecular size of the contrast agent shortening the T1 and increasing enhancement [60] . This prototype MPO-activatable paramagnetic sensor reaches the CNS through degraded BBB, but induces increased signal through MPO-mediated activation. In an EAE model, this sensor was more sensitive than conventional Gd, allowing the detection and confirmation of more, smaller, earlier, and less severe lesions with more subtle BBB breakdown [61] . Furthermore, unlike conventional nonspecific Gd, MPO imaging not only indicates BBB breakdown, but also the presence of actual inflammation [61] .
Visualization of cells labeled by the stable fluorine isotope 19 F constitutes a new "positive" contrast agent to track inflammatory cells [62] . 19 F is MR active and exhibits sensitivity close to the 1 H nucleus. Perfluorocarbons (PFCs) are nontoxic, biologically stable, provide a high payload of 19 F nuclei and can be emulsified into nanoparticles resulting in a high concentration of 19 F atoms to serve as fluorine markers [63] . PFCs can be used to label cells ex vivo before tracking using in vivo 19 F-MRI. Alternatively, PFCs can be injected intravenously, with emulsified particles being taken up by circulating monocytes/macrophages and transported to areas of inflammation similarly to the SPIO/USPIO approach. Because of their size, intravenously administrated PFC nanoparticles do not leak through the BBB, but provide insight into cell infiltration [64] . The main advantage of this strategy is its excellent degree of specificity resulting from the lack of any 19 F background while dark areas following SPIO/USPIO injection can sometimes be difficult to attribute to these nanoparticles or to other inhomogeneities associated with anatomy that forms a background signal [62] . In combination with anatomical 1 H-MRI, "hot spot" 19 F images can be superimposed on 1 H images generated in the same imaging session [65] . The technique was applied to monitor neuroinflammation in a focal model of nerve inflammation [66] and in neuroinflammation associated with ischemia in photothrombosis model [64, 67] . However, no data are yet available in an MS model, probably because of sensitivity constraints related to low concentration of cells. Current restrictions for 19 F/ 1 H-MRI concern are mainly its sensitivity, but this may be overcome by improving imaging hardware, imaging sequences, as well as cell labeling procedures in the future [62] .
Assessing cellularity with noncontrast MR methods is highly challenging because it implies to be able to disentangle the contribution of cells to the overall MR signal arising from the other components of the tissue. By using diffusion basis spectrum imaging in cuprizone-treated mice, Wang et al. [68] separated different diffusion components within each voxel and identified a restricted isotropic component reported to represent cellularity. This restricted diffusion component strongly correlated with DAPI-positive nucleus counts and was separated from the contribution of edema, demyelination, and axonal injury associated with acute inflammation [68] . These results are promising, even if obtained on a cuprizone model that does not attempt to mimic MS as a disease because it primarily reflects demyelination with only reactive inflammation and without much contribution from the adoptive immune system [69] . An alternative approach comes from very high-field magnets (7Tesla) that enable high-resolution quantitative imaging of the local field shift caused by compounds, such as iron. The observation of peripheral phase rings undetectable with classical magnitude T2 images in approximately 8% of lesions of MS patients scanned at 7T [70] raised the hypothesis of visualizing iron-rich macrophages using a method highly sensitive to endogenous iron without any need of exogenous contrast agent, such as SPIO/ USPIO. A comparative MR histological study also reported iron-rich activated macrophages/microglia at the edges of active lesions as contributors of peripheral R2* changes [71] . Nevertheless, the recent observation that ring-phase lesions remained unchanged for 2.5 years of follow-up [72] challenges the notion that such lesions reveal the presence of acute activated iron-rich macrophages, and further studies are needed to understand if MR techniques sensitive to iron can help address inflammatory cellularity.
Positron emission tomography (PET) imaging may provide an alternative to MR for cellular markers of disease activity. Microglial activation upregulates the expression of the 18 kDa translocator protein (TSPO) that is involved in the release of proinflammatory cytokines during inflammation [73, 74] . TSPO is also expressed in invading bloodborne cells, such as macrophages [73, 74] and its upregulation, reflecting active neuroinflammation, can be detected in vivo with PET and selective radioligands, such as [
11 C]-PK11195, the most commonly used TSPO probe [73, 74] . [ 11 C]-PK11195 showed the highest overlap with plaques enhanced after gadolinium that are likely to contain a high amount of infiltrating mononuclear cells [75, 76] . Furthermore, increased [ 11 C]-PK11195 signal was also found well beyond focal lesions supporting sensitivity of this marker to a widespread subtle inflammatory process, such as activation of microglia that is underappreciated with other methods [75, 77] . The sensitivity of [ 11 C]-PK11195 also allowed depicting significant cortical microglial activation in MS patients that was correlated with clinical disability [78] . [79, 80] , offering a better signal-to-noise ratio and greater promise in quantifying translocator protein binding [81] while still requiring further evaluation.
Imaging the Edematous Component
Pathological Substrate
Edema has been the focus of relatively few studies in MS, although the BBB dysfunction in active lesions inevitably allows an increase in the passage of plasma proteins and subsequent water into the extracellular compartment defining vasogenic edema [82] . This is classically opposed to cytotoxic or cellular edema that results from abnormal water uptake by injured cells, especially astrocytes [82] . Vasogenic edema accompanying active inflammatory MS lesions is usually mild, but can be marked in some tumefactive cases [83] . Although water entry parallels BBB permeability [82] , its resolution after BBB closure implies the aquaporin 4 (AQP4) water channel as a major pathway for water clearance back to the blood or cerebrospinal fluid [84, 85] (Fig. 1, panel D) . AQP4 demonstrated relevance to MS pathophysiology in such inflammatory edema clearance [86] , but also in astrocyte migration for postinsult gliosis [87, 88] , and in direct inflammation severity [89, 90] . Implication of AQP4 is still more direct in the pathogenesis of neuromyelitis optica [91] .
Imaging Markers of the Edematous Component
Although blurry, T2 hypersignal surrounding enhanced lesions is thought to represent vasogenic edema associated with active lesions (Fig, 1, panels A1 and A2 ), T2 hypersignal is not specific and heterogeneous pathological substrates all lead to similar appearance of hyperintensity on T2 [1, 2] . Despite such lack of specificity, Shinohara et al. [92] showed that, in a proper context, MS lesions exhibiting moderate but not extreme hypointensity on T1-wi and hyperintensity on T2-wi, which reflected vasogenic edema, allowed the accurate classification of active lesions without the need of contrast injection owing to a voxel-level prediction algorithm.
Using T2 distribution by separating the multiple T2 relaxation times that contribute to the overall signal, authors have aimed to separate the biological components contributing to the mean T2 signal [93] . A short T2 component has retained most of the attention as a potential in vivo marker for myelin, but T2 relaxation studies have also helped to understand the contribution of edema and demyelination of similarly appearing T2 lesions [94, 95] . At the time of this writing, the method still requires long acquisition time and it still lacks sensitivity and specificity to separate intracellular and extracellular water and to accurately identify lesions with significant vasogenic edema, which are supposed to be active ones [96] .
MRI can also provide quantitative maps of water molecular diffusion through the diffusion-weighted imaging technique [97] . A summary parameter, the apparent diffusion coefficient (ADC), is obtained from the integration of all the microscopic displacement distributions of the water molecules present in a voxel, and it allows inference to be made in regard to the microstructure of the tissue [97] . Although the precise underlying mechanisms explaining ADC variations are still debated, it is known that changes in the volume fractions of the intracellular and extracellular spaces (i.e., cytotoxic or vasogenic edema) always lead to variations in the ADC [97] .
Active inflammatory lesions typically demonstrate increased ADC values that have been postulated to be due to vasogenic edema accompanying the active phase of inflammation [98] (Fig. 2, upper row) . Nevertheless, membrane breakdown through demyelination and axonal loss also increase ADC values [99] that consequently cannot be specific enough of the acute neuroinflammation. MS lesions exhibiting restricted diffusion (low ADC) are particular cases that could be of interest [100] . The significance of such a pattern is still to be elucidated, but it could be a marker of acute inflammation providing more specific information on acute lesion heterogeneity (Fig. 2, lower row) . MS exhibiting low ADC values could reflect the histological type III pattern described by Lucchinetti and Lassmann [101] , which was characterized by oligodendrocyte dystrophy and apoptosis reflecting hypoxic white matter damage as a phathogenetic component of the lesion [102] , although histopathological correlations are still lacking. Low ADC lesions, if close to type III pattern, could result from severe and profound inflammatory processes, which is substantiated by a central spot with low ADC values observed in focal EAE model during the first days after lesion induction, at a time and place in which the cytokine concentration is at its maximum level [103] .
New diffusion methods, such as the diffusion basis spectrum, could overcome some limitations of the simple ADC approach by resolving the multiple diffusion components that participate with the overall signal. As already discussed for cellularity (see previously), Wang et al. [68] recently applied the method to an inflammatory model in mice brains and showed that it was able to distinguish the contribution of different microscopic alterations, including vasogenic edema.
Other than imaging edema itself, in vivo markers of molecular actors, such as AQP4, could be of great interest in regard to its important roles that could be therapeutically targeted [104] . Our group was the first to suggest that diffusion-weighted imaging could be a marker of not only edema (and cell density), but also of AQP4 expression reflecting the intensity of transmembrane water passage through AQP4 [105] . Badaut et al. [106] confirmed the direct relationship between AQP4 expression and ADC measurements with AQP4 inhibition experiments. Further studies are needed to understand if a subcomponent of the diffusion signal (with diffusion spectrum analysis) could more specifically reflect AQP4 expression in prospect of its monitoring in vivo.
Relevance to MS and its Therapy
Support in Diagnosis
Early diagnosis after a clinically isolated syndrome can be achieved through the definition of MR criteria to show disease dissemination in space and time [3] . Current MR markers of active inflammation are especially relevant in this strategy. In particular, the coexistence of Gd-enhancing and nonenhancing lesions can be considered as indicative of dissemination in time and can prompt a diagnosis after single MR imaging [107] . Such early diagnosis allows early treatment and can slow progression to clinically definite MS [108] , but also the long-term progression of the disease [109] . Alternative strategies (previously described) to assess disease activity with better sensitivity and specificity than Gd could improve the detection of active lesions and still accelerate diagnosis with potential impact in terms of therapy.
Insights into Pathogenesis
MR markers of active inflammation can improve our understanding of plaque formation, which in turn can help to define new therapeutic targets and to understand drug mechanisms of action [110] . For example, Gd has helped to identify the pivotal role of the BBB in lesion formation [1] . More recent analyses helped to further our understanding of lesion development showing results consistent with an expanding wave of inflammation recruiting additional vessels outward from a central vein [111] . Thanks to serial monitoring of individual lesions with a duration of time with new markers, it was possible to visualize endothelial activation with VCAM1 expression [33] and cellular infiltration in advance of BBB breakdown [52] . This has helped to identify parts of the cascade to therapeutically target the earliest events. More sensitive markers may further help to find new targets. For example, Gf has demonstrated for the first time in vivo the involvement of circumventricular organs during EAE, assuming that the function of the circumventricular organs "gates to the brain" for immune cells can be altered in MS pathophysiology [112] . Sensitive and specific markers of inflammation are also needed to address the complex relationship between inflammation/neurodegeneration and disability, and markers with specificity toward the most aggressive component of inflammation could aid in understanding how a significant amount of inflammation could be needed to expose the degenerative tendency [113] .
Monitoring Therapy
Gd enhancement, the current imaging marker of disease activity (together with the identification of new or enlarged T2 lesions [114] ), has been widely used as the primary endpoint in phase II trials (surrogate marker) regarding its capacity to measure treatment efficacy earlier, more conveniently, and more sensitively than with the clinical evaluations that are used in phase III trials [1] . Such screening of potential treatment using MR surrogate markers usually results in an important reduction of the trial duration and the size of the samples while allowing the investigators to anticipate the clinical effect of a given treatment [115] . Meta-analysis of randomized, placebo-controlled, clinical trials of relapsing-remitting MS found that the effects of therapies on such MR markers correlate with the effects on relapses [116] and, to a lesser degree, with Expanded Disability Status Scale (EDSS) [117] , demonstrating the usefulness of MR imaging to monitor treatment and anticipate their clinical impact. Nevertheless, the use of Gd as a surrogate marker is debated [118] , as other studies have shown that the relationship between Gd enhancement and the relapse rate was only marginal [119, 120] , thus concluding that the criteria for Gd surrogacy was not fulfilled. The weak correlation found so far between Gd enhancement and disease progression is problematic when it comes to following therapeutic efficacy [119] . This may at least partially result from the lack of sensitivity and, more than anything, the lack of specificity of Gd for the most destructive aspects of active neuroinflammation. Alternative markers previously discussed could overcome some limitations of Gd to screen treatment efficacy in preclinical development, and in the early steps of clinical development, through their increased sensitivity and specificity to neuroinflammation. As a proof of principle, USPIO [45, 121, 122] and the MPO sensor [123] have been efficiently used to monitor treatment efficacy in EAE animal models and PFCs have been also used to monitor antiinflammatory therapy, but not in the brain so far [62] .
For day-to-day decisions regarding the treatment of an individual, the strategy is mainly based on the clinical status of the patient, but MR criteria are also used, especially in escalating immunotherapy, to select nonresponsive patients with a very active MS [124] . The greater availability of alternative treatment options reviewed in this issue of Neurotherapeutics will warrant methods to determine individual treatment efficacy. Although repetitive MR follow-up has been the focus of criticism, particularly in stable patients [119] , additional MR (surrogate) markers for disease activity are helpful when an insufficient treatment response is clinically suspected [124] , and USPIO or other markers could aid in determining responsiveness and therefore personalize treatment decisions.
Translation to Clinical Use
Most Gd alternative strategies to assess active neuroinflammation are based on novel contrast agents and translational to human and clinical practice requires full toxicological testing. To date, iron oxide nanoparticles are the most advanced, as some particles are already approved for applications other than brain imaging. SPIO, such as ferumoxides (Endorem®, Guerbet in Europe and Feridex®, AMAG Pharmaceuticals Inc. in the USA and Japan), are approved by the United States Food and Drug Administration for MR imaging of liver tumors [125] and USPIO ferumoxytol (Feraheme, AMAG Pharmaceutical Inc.) is also Food and Drug Administration-approved for iron replacement therapy in patients with chronic renal failure. Another USPIO, ferumoxtran-10 (Sinerem, Guerbet, Europe, also known as Combidex, AMAG Pharmaceuticals Inc., USA and Japan), is still investigational, although it has completed phase III trials [126] and its safety profile assessed from pooled clinical studies in 1777 adults did not show major adverse effects [127] . Despite this, there is still no authorization for iron oxide nanoparticles use outside the experimental setting specifically for CNS exploration. There are some ongoing concerns; the first concern are the functional consequences of cell labeling by iron oxide nanoparticles. It seems that uptake of the contrast agents by macrophages is not associated with cell activation [128] , but the labeling of other cell types than macrophages could change their physiological properties [129] . The second concern is for the long-term fate of iron carried by nanoparticles in the brain, as could be argued that any additional iron introduction could be pejorative in the context of neuroinflammation [130] . We found no evidence of a prolonged increase of iron in USPIO-enhanced lesions as a T1 or T2* effect was no longer detectable at 6 months (before USPIO reinjection) in lesions that were enhanced at baseline [53] . Nevertheless, we are aware that a more sensitive method is required to address the issue of long-term iron increases in USPIO-enhanced lesions. Furthermore, although there is no evidence of any adverse effects of USPIO on iron metabolism parameters [127] , more work is needed to investigate this issue in more detail. For the other agents, PFCs have not been licensed yet for human use in 19 F-MRI, but certain types of PFC have already been clinically evaluated as artificial blood substitutes, and these were welltolerated, [131] . Similarly, MPO sensors were only used in animal studies, but these Gd-based contrast agents showed high stability and low toxicity [60] , suggesting suitability for translational into human studies. Other MR strategies with Gf or MPIO cross-linked agents are farther away from human use, despite elegant animal proof-of-concept studies [19, 31] , as there lacks data for their nontoxicity and biodegradable properties. PET tracers [74] can usually be applied in humans more rapidly due to the very small efficient doses and their absence of toxicity (certain macrophage/microglia tracers have already been used in humans [74] ). Nevertheless, the PET technique may have restricted usefulness in MS because of the related cost and the need to limit radioisotope exposure. In this context, the MR noncontrast approach or the evolution toward higher magnetic fields previously described could become popular.
Conclusion
Gd is the current reference standard to assess the inflammatory component of MS. Regarding the complex cascade of events resulting in the formation of an acute inflammatory lesion such as cell recruitment and edema formation, other markers of active inflammation described in this review are being developed. At the same time, markers of the consequences of acute inflammatory, such as matrix digestion by metalloproteinase, acute demyelination, and axonal injury, are under investigation. These MR and PET markers of neuroinflammation will join the growing toolbox to assess the neurodegenerative component of MS, especially axonal loss and incomplete remyelination. The combination of these approaches could provide in vivo sensitive and specific assessment of MS components to reveal a more complete picture of MS that will increase our diagnostic performance, our understanding of pathophysiology, and our ability to accurately follow the course of the disease with ultimate consequences for therapeutic development and monitoring.
